Control of the silicon content in hot metal is one important strategy for better hot metal dephosphorization and subsequent BOF operation. For this purpose, hot metal desiliconization is carried out by the addition of iron oxide at the tilting runner in the blast furnace casthouse. Since hot metal desiliconization is determined by mass transfer of Fe x O in the slag as well as mass transfer of silicon in the metal in the low Fe x O concentration range, attention should be focused on mixing of the desiliconizing agent and hot metal at the tilting runner. The authors therefore applied a swirling flow to the hot metal, aiming at effective silicon removal. A basic investigation of the swirling flow was carried out in a water model experiment. The swirling flow was generated in a funnel-shaped container with various flow rates, outlet diameters, etc. The experiment showed that mass transfer of a tracer in model slag was enhanced under the swirling flow condition. A 5-ton hot metal experiment was carried out with a specially designed vessel to generate a swirling flow of hot metal. A desiliconization experiment with addition of iron ore showed that silicon removal was enhanced by the swirling flow of hot metal, especially with slag of low FexO content.
Introduction
Reduction of the silicon content of molten pig iron has many advantages, such as reduction of the time required in hot metal dephosphorization, improvement of dephosphorization efficiency and resulting lower phosphorus input at the converter, and reduction of slag generation. Desiliconization of molten pig iron is frequently carried out at the blast furnace casthouse for process convenience. Generally, iron oxide containing material is added as a desiliconizing agent to the molten pig iron at the tilting runner above the receiving vessel (transfer ladle or torpedo car). 1, 2) The desiliconization reaction with iron oxide is denoted as follows: The desiliconizing agent, which is originally (%Fe x O) = 60-80, reacts with the molten pig iron in the tilting runner, consuming the Fe x O in the agent and reducing the Fe x O concentration to (%Fe x O) < 40 at the outlet of the tilting runner. The desiliconizing agent forms slag, flows into the container, and reacts with the hot metal again due to falling-induced stirring. The final Fe x O concentration in the slag is 10% or less. Therefore, for sufficient silicon removal, reaction of desiliconization slag of a Fe x O concentration less than 40% is important after the addition of the desiliconizing agent.
Several published reports have discussed the desiliconization reaction of hot metal with iron oxide. [3] [4] [5] [6] Narita et al. carried out a desiliconization experiment with 1.5-3 kg of hot metal by using an induction furnace, and reported that the desiliconization reaction was controlled by mass transfer of Fe x O in slag in the low Fe x O concentration range.
3) Pan et al. reported that the reaction rate of desiliconization by Fe x O-containing slag in a laboratory experiment depended both on mass transfer of silicon in hot metal and Fe x O in slag since the chemical reaction of desiliconization is sufficiently large. 5) Shibata et al. reported that the rate of the desiliconization reaction strongly depended on mass transfer of Fe x O in slag based on a desiliconization experiment with 120 g of hot metal. 6) Thus, promotion of the mass transfer of Fe x O in slag in the low Fe x O concentration range is the key factor for sufficient silicon removal.
During desiliconization of hot metal by addition of iron oxide, a reaction between the iron oxide and carbon in the hot metal occurs simultaneously. CO gas generated by the decarburization reaction enters the viscous slag formed by silicon removal, and as a result, the slag holds gas bubbles and becomes foamy and low in density. Such foamy slag is difficult to mix into hot metal. Therefore, promotion of mixing of desiliconization slag with hot metal would be also effective for improving desiliconization efficiency.
Agitation is an effective method for promoting mixing and mass transfer. Gas injection and impeller stirring are commonly used as agitation methods, but these methods require installation of special equipment at the blast furnace casthouse. 7) One alternative is generation of a swirling flow
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in the hot metal. A simple method for imparting a swirling movement to a fluid is to pass the fluid through a funnel. Papers related to laboratory observation of a swirling flow and its application to hot metal desulfurization have been published. [8] [9] [10] [11] In the present paper, a swirling movement is applied to hot metal and slag with the aim of promoting mass transfer in the desiliconization reaction. Water model experiments were carried out for a basic investigation of the swirling flow, followed by hot model experiments with hot metal to examine desiliconization behavior with a funnel-shaped device for imparting the swirling movement.
Experimental Method

Water Model Experiments
A water model experiment was carried out in order to obtain a basic understanding of the flow condition and mixing characteristics of a fluid passing through a funnel. The typical dimensions of the experimental vessel are shown in Fig. 1 . The vessel is made of a vinyl chloride plate and consists of a reservoir part, funnel part and runner part below the funnel part. The entrance from the reservoir to the funnel is non-equiaxial (eccentric) against the center axis of the funnel in order to obtain a smooth swirling flow. The dimensional parameters were varied, including the diameter of the funnel (160 mm, 180 mm, 200 mm), the angle of the funnel slope (45°, 30°, 0°) and the outlet diameter of the funnel (60 mm, 80 mm). The slope angle of the funnel is defined as the angle of the slope of the funnel relative to the horizontal.
A schematic illustration of the experimental setup is also shown in Fig. 1 . Water was supplied to the experimental vessel from a large tank installed above the vessel. The vessel was inclined 5° downward relative to the horizontal. For comparison purposes, the experiment was carried out both with and without the funnel part.
In the experiments, the height of the water in the funnel part was measured to characterize the flow condition of the swirling flow. The height was measured at the cross-sectional plane through the axis of the outlet and perpendicular to the inflow direction, which corresponds to the b-b cross section in Fig. 1 (hereafter, "central section"). The flow rate was varied in the range of 60-130 L/min. The flow velocity at the inlet of the funnel part was measured using a propeller current meter.
In order to investigate mixing property between slag and metal, an experimental evaluation was carried out using a tracer substance after a method by Nakanishi et al. 12) Liquid paraffin (specific gravity: 0.85) was employed to simulate slag. As the tracer substance, β-naphthol was added to the paraffin at a rate of 0.285 g/L-paraffin. While supplying pure water to the experimental vessel at a fixed flow rate, about 200 g of the paraffin was charged at the inlet of the funnel (Fig. 1) . The paraffin charging time was approximately 3 seconds. As the paraffin flowed with the water and mixed with the water, the tracer material in the paraffin was transferred to the water phase. Water which passed through the vessel around the time of paraffin charging was collected and weighed. The charged paraffin was also weighed. The concentration of the tracer in the collected water was measured by absorbency at a wavelength of 309 nm. The absorbency was converted to the β-naphthol concentration using a calibration curve obtained with a β-naphthol solution of known concentration.
Hot Model Experiments
In order to investigate desiliconization reaction under swirling flow of hot metal, a hot model experiment with molten hot metal was carried out. The typical dimensions of the experimental vessel are shown in Fig. 2 . The vessel consisted of a blasting part and a swirling part. The blasting part was box-shaped, and was supplied with hot metal and a desiliconizing agent by blasting from the lance. The swirling part was funnel-shaped. A runner which guides the hot metal to a container ladle was installed under the swirling part. The vessel was designed so that the hot metal flows eccen- trically from the blasting part into the swirling part in order to ensure swirling of the hot metal in the swirling part. The vessel was lined with a refractory. The configuration of the experimental vessel used in the experiment is also shown in Fig. 2 . The diameter of the outlet of the swirling part was 180 mm. Hot metal was produced elsewhere in a 5-ton low frequency induction furnace, and was supplied from a transfer ladle to the experimental vessel. The metal flowed from the blasting part through the swirling part, and then fell into the container ladle. The experimental vessel was tilted 5°d ownward relative to the horizontal surface, which is a common inclination angle in actual tilting runners at blast furnaces. The distance from the outlet of the vessel to the bottom of the container ladle was 3.1 m.
The flow rate of hot metal was evaluated by the weight change in the container ladle as measured with the load cell under the ladle, and was controlled to around 1 t/min. The flow characteristics of the hot metal in the experimental vessel were observed using a CCD camera without addition of a desiliconizing agent, in order to avoid hindrance to monitoring by dust generation. The flow velocity at the inlet of the swirling part was also evaluated with the CCD camera by the movement of slag on the flowing hot metal, since it is difficult to measure the velocity directly in this experiment.
The desiliconizing agent was prepared by mixing fine iron ore and burnt lime at a weight ratio of 80:20. The typical composition of the iron ore is Fe 2 O 3 = 96.2 mass%, SiO 2 = 1.24 mass%. The desiliconizing agent was blasted through the lance onto the hot metal in the blasting part at 12-27 kg/min. The hot metal and slag were sampled during the experiment at the blasting part and the container ladle. An experiment without a swirling flow was also carried out for comparison. In this case, the swirling part of the experimental vessel was remodeled as a structure in which a swirling flow of hot metal was not generated.
Results and Discussion
Water Model Experiments
First, the flow of water in the funnel part was observed while supplying water to the vessel from the tank. Various swirl flows with a free vortex were generated in the vessel. Figure 3(a) shows the height of the water in the funnel part at various flow rates. The water height increased as the flow rate increased. The height was further investigated in a separate experiment with various funnel slope angles and outlet diameters, and is shown in Figs. 3(b) and 3(c), respectively. The larger angle and the larger diameter resulted in a lower water height.
Based on these observations, the relationship between the swirling flow and mixing characteristics is considered as illustrated in Fig. 4 . When the swirling flow is weak, as in (A) in the figure, a large cavity exists in the center. In this case, contact between the swirling flow in the central region of the funnel does not occur, so no shear force is given to the slag on the metal surface. Therefore, the mixing property may be low. On the other hand, if the flows mutually interfere in the funnel part, the liquid tends to fill the center of vortex, as in (C) in the figure. In this case, it is considered that the slag accumulates in the center and may lie stagnant, causing non-uniform dispersion. In (B) in the figure, which corresponds to a moderate swirling condition, contact between the slag and the metal is realized at the center of the vortex, achieving effective mixing. Therefore, in order to attain good mixing, it is important to form a swirling flow like that in (B).
In order to characterize the swirling flow quantitatively, a swirl number 13) is introduced in this system. The swirl number S is defined here as follows: (2) where Gθ is the angular momentum of the swirling flow (kg·m 2 /sec); Gx is the axial momentum of the flow at the outlet of funnel (kg·m/sec); and d is the diameter of the funnel outlet. Gθ and Gx are calculated from the velocity at the inlet of the funnel and the radius of the funnel, and the velocity at the outlet of the funnel under a free fall condition, respectively. Figure 5 shows the dependence of the swirl number on throughput of the fluid (L/min/cm 2 ), which is useful for comparing the swirl numbers of different liquids such as water and hot metal. The data in the water model experiment were taken with the 30° slope angle of the swirling part and two different outlet diameters. At each outlet diameter, the swirl number increases with the throughput of water. Here, the solid marks correspond to the flow like that in (B) in Fig. 4 . Therefore, the preferable swirling condition may correspond to a swirl number around 1.5-2.0. The vessel for the hot model experiment was designed referring to these observations. The mixing property under the swirling flow was investigated using liquid paraffin and a tracer substance. Figure 6 shows the concentration of β-naphtol in the water phase under various conditions. The concentration is larger in the experiment with the funnel part than without the funnel part, which suggests that the swirling flow is effective for enhancing transfer of the tracer. With regard to the height between the experimental vessel and the collector vessel (H in Fig. 1 ), the larger height (800 mm) resulted in better mixing due to the falling energy of the water. However, the effect of the swirling flow was obvious at both the larger and smaller heights.
The mass transfer rate of -naphthol from the paraffin phase to the water phase was evaluated based on the method for a reaction under a continuous flow. 14) The mass balance in the present experiment is denoted as shown by the following equation:
where Fi (mm 3 /sec) and Fo (mm 3 /sec) are the flow rates at the inlet and outlet of the funnel part respectively; φi (-) and φo (-) are the volume fractions of paraffin at the inlet and outlet of the funnel part respectively; C Bi (mg/mm 3 ) and C Bo (mg/mm 3 ) are the concentrations of β-naphthol in (4) and (5) gives Eqs. (6) and (7) (7) where θ (sec) is the mean residence time of the reaction species in the reaction site denoted as V/Fi. It is difficult to decide the volume of the reaction site V in this experiment, and is also difficult to decide θ. Therefore, the transfer of β-naphthol is evaluated using k B θ. A preliminary experiment showed that k B θ does not change significantly under the various flow rates of water employed in this study.
The experimental conditions and k B θ are shown in Table  1 . k B θ is larger when the funnel part is applied, which corresponds to the tendency shown in Fig. 6 . When the funnel part is applied, k B θ increases from 0.030 to 0.035 (1.2 times) when the height between the experimental vessel and the collector vessel H is 200 mm and from 0.55 to 1.00 (1.8 times) when H is 800 mm.
The present results that k B θ increases more at larger H suggest that the effect of swirling is not limited only to the funnel part. Good mixing in the swirling flow would further contribute to the promotion of mass transfer in the falling flow at the collector vessel. This observation suggests the possibility of enhancing the desiliconization reaction at the blast furnace casthouse if good mixing can be achieved before the hot metal and desiliconizing agent fall from tilting runner into container.
Hot Model Experiments
Hot model experiments were carried out by supplying hot metal to the experimental vessel shown in Fig. 2 . A smooth swirling flow of hot metal was observed at the swirl number plotted in Fig. 5 . Although the throughput of hot metal and some properties like surface tension and viscosity were different from those of water, the swirl number for a preferable flow condition was similar to the value in the water model experiment.
The flow pattern of the hot metal in the hot model experiment was simulated by numerical calculation. Numerical calculation was carried out using the commercial software Fluent (ANSYS Inc.) 15) in a three-dimensional condition. A k-ε model 16) and VOF (volume of fluid) model 17) were employed for turbulent flow modeling and multi-phase flow modeling, respectively. A typical example of the flow lines is shown in Fig. 7 for the flow rate of 1 ton/min, width of the inlet of the swirling part of 150 mm and diameter of the Fig. 8 . The experimental process should be mentioned here. The experiment was conducted stepwise in order to take metal and slag samples, as listed in the tables. The time for sampling and preparation for the next step correspond to the plateau duration in the trend of the weight of hot metal in Fig. 8 . At each step, only hot metal was first supplied from the transfer ladle to the experimental vessel, and then the desiliconizing agent was added after the flow rate of the hot metal stabilized. Therefore, the [Si] value in the container ladle reflects the mixture of hot metal with and without the addition of the desiliconizing agent. Figure 9 shows the relationship between the total amount of desiliconizing agent and the degree of desiliconization. The degree of desiliconization is defined as follows:
................ (8) where ΔSi is the change in [Si] (mass%); [Si] i is the silicon content of the hot metal in the transfer ladle (mass%); and [Si]f is the final silicon content of the hot metal in the container ladle (mass%). The degree of desiliconization is higher for the swirling flow condition, which reveals the overall effect of the swirling flow on the desiliconization reaction.
In this experiment, the change in [Si] can be evaluated separately at the blasting part and the container ladle, as schematically shown in Fig. 10 . ΔSi at the blasting part and the container ladle are calculated as For the blasting part, no significant difference in ΔSi 1 was observed between the experiments with and without the Fig. 9 . Relationship between amount of desiliconizing agent and degree of desiliconization. swirling flow, since the swirling flow was applied to the hot metal after the blasting part. For the container ladle, ΔSi 2 was larger in the experiment with the swirling flow. This would suggest the effect of good mixing of the hot metal and desiliconizing agent by the swirling flow.
An analysis of the results of the experiment was made to evaluate the effect of the swirling flow on the desiliconization reaction. The typical parameters in this experiment are given schematically as shown previously in Fig. 10 . Since the metal and slag were difficult to sample at the outlet of the swirling part, an analysis can be made for two regions, the blasting part and [swirling part + container ladle]. Since the effect of the swirling flow is the focus of this study, the reaction in [swirling part + container ladle] will be analyzed here.
In the analysis of desiliconization in [swirling part + container ladle], the following consideration may be pertinent. As mentioned above, hot metal flowed into the container ladle without the desiliconizing agent at the beginning of each experimental step. After the start of blasting of the desiliconizing agent, the agent flowed into the ladle and then floated as slag on the hot metal. In the preliminary experiment, silicon removal with the floating slag on the bath surface in the container ladle did not occur, since entrainment of the floating slag did not occur. From this observation, it is possible to accumulate the amount of removed silicon only in the duration of blasting of the desiliconizing agent. Based on this assumption, an analysis should be made for Tables 2 and 3. ..... (11) where W° and W
• are the weight of the hot metal in the container ladle at the beginning and at the end of each experimental step, respectively (kg), [Si]°L and [Si]
• L are the silicon content of the hot metal in the container ladle at the beginning and at the end of each experimental step, respectively (mass%), t f is the time for hot metal flow (sec), t b is the time for blasting desiliconizing agent (sec) and P is the flow rate of the hot metal (kg/sec (12) In Fig. 13, ΔSi 3 is shown against the amount of desiliconizing agent supplied at the blasting part at each step of the experiment. ΔSi 3 are all positive values for both the swirling and non-swirling conditions, while some ΔSi 2 values are negative. This means that the above evaluation of desiliconization in the basin part is quantitatively reasonable. The values of ΔSi 3 are obviously larger for the swirling condition, showing that the desiliconization reaction is promoted by the application of the swirling flow in the swirling part.
Si 3 is shown against (%T.Fe) of the slag taken at the blasting part in Fig. 14 . The initial content of iron oxide in the desiliconizing agent is around 80 mass%. More than half of this iron oxide was consumed by the reaction in the blasting part, after which the iron oxide content of the desiliconization slag was generally less than 40 mass%. From this point of view, though (%T.Fe) may change depending on the condition in the blasting part, Si 3 is obviously higher for the swirling flow condition, even in the low (%T.Fe) range. This suggests the practical effect of strong mixing of the hot metal with the desiliconizing agent by the swirling flow.
Further analysis was carried out on the desiliconization reaction in the basin part. The desiliconization reaction in the basin part for the non-swirling and swirling conditions are denoted respectively by a first order formula as follows:
......... (13) where k Si is the apparent mass transfer coefficient (cm/s), A is the interfacial area between the slag and metal (cm 2 ), V is the volume of the hot metal (cm 3 ) and [%Si]* is the Si concentration at the reaction interface (mass%).
Due to the difficulty of defining the interfacial area between the slag and metal in this system, an evaluation may be done in the form of k Si A. The following assumptions [
ig. 14. Relationship between (%T.Fe) in slag in blasting part and ΔSi3.
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Si Si bl ba Tables 2 and 3 , is applied for this evaluation. Reaction time is correlated with residence time in the basin region. An evaluation of the volume of the basin part was made based on the plunging depth of free falling of the hot metal. 18, 19) The values of k Si A calculated under the above assumptions are shown in Tables 2 and 3 . k Si A is higher at the swirling condition.
In this experiment, the amount of hot metal in the container ladle increased with experimental time, which led to a change in the height between the experimental vessel and the bath surface. The temperature of the hot metal also changed during the experiment. Therefore, in the analysis, such changes should be taken into account, as follows: where k′ Si is a modified mass transfer coefficient, ε is the stirring power density (W/t), n is a constant, ΔE is the apparent activation energy of the desiliconization reaction (kJ/mol), R is a gas constant (= 8.314 J/mol/K) and T is the temperature of the hot metal (K). H is the height between the experimental vessel and the bath surface in the container ladle, and W is the weight of the hot metal (ton). The value of the constant n and activation energy ΔE are given as 0.5 and 63(kJ/mol), respectively, based on data in the literature. 20) The values of k′ Si A thus calculated are also shown in Tables 2 and 3 , and are plotted against the feeding rate of the desiliconizing agent in Fig. 15 . Although the value of k′ Si A without swirling is slightly different in each condition, the average value (= 0.046) can be considered to represent the desiliconization reaction in the container ladle.
The mass transfer coefficient k′ Si A for the swirling condition is evaluated in the same manner as above. k′ Si A is shown in Table 3 and also plotted in Fig. 15 for comparison with k′ Si A for the non-swirling condition. k′ Si A is obviously higher in the swirling condition, showing that mass transfer is promoted by the swirling flow. This reflects good mixing of the desiliconization slag with the hot metal and results in promotion of hot metal desiliconization.
In hot metal desiliconization, carbon in the hot metal also reacts with Fe x O in the slag. The change in [C] between the blasting part and the container ladle, ΔC 2 , was calculated to evaluate the effect of the swirling flow on decarburization. The results are shown in Fig. 16 for both the swirling and non-swirling conditions. Although the results under various temperatures and bath heights are included in this graph, ΔC 2 is not significantly different between the two conditions.
Asai et al. mentioned that decarburization and desiliconization of hot metal occur simultaneously in processes such as BOF blowing. 21) Uchiyama et al. investigated the amount of iron oxide reacted with hot metal during hot metal desiliconization at the blast furnace casthouse 2) and showed that the amount of oxygen reacted with carbon in hot metal (i.e., decarburization efficiency) is larger than that reacted with silicon in hot metal (desiliconization efficiency) for hot metal containing 0.2-0.3 mass% silicon, which cor- responds to the hot metal in the present experiment. With respect to the comparison between desiliconization and decarburization in the present experiment, ΔSi 2 and ΔC 2 are plotted in the same graph in Fig. 17 for the swirling and non-swirling conditions, respectively. It should be mentioned, here at this point, that the amount of oxygen for oxidizing 1 kg of carbon to CO is 1.3 kg, while the amount of oxygen for oxidizing 1 kg of silicon to SiO 2 is 1.1 kg. These values are comparable if the decarburization efficiency and desiliconization efficiency are similar.
In both graphs, the data at the same horizontal value were obtained at the same occasion. In the experiment without swirling flow, ΔC 2 are larger than ΔSi 2 in most cases. These results correspond to the tendency shown by Uchiyama et al. 2) On the other hand, in the experiment with the swirling flow, ΔSi 2 are larger than ΔC 2 in most cases. These results reflect that the desiliconization reaction under the swirling flow condition was predominantly promoted by the enhancement of mass transfer of silicon in hot metal and Fe x O in slag, as Pan et al. suggested.
5)
Conclusion
With the aim of improving desiliconization efficiency at the blast furnace casthouse, the effect of applying a swirling flow to the slag and metal in order to promote mass transfer was examined. The results can be summarized as follows:
(1) The preferable swirling flow for good mixing was determined based on observation in a water model experiment. The swirl number S was defined, and the optimum S was found in this system.
(2) An experiment using simulated slag and a tracer was carried out, confirming that mass transfer was promoted by applying the swirling flow.
(3) A hot model desiliconization experiment using hot metal was carried out. The change in [Si] was larger with the swirling flow condition, even with slag of low (%Fe x O).
This suggests the distinctive effect of good mixing of the hot metal and desiliconizing agent by the swirling flow.
(4) A detailed analysis of the desiliconization reaction was made for the swirling part and the successive basin part, which is a transient region where the desiliconization reaction mainly occurs. Under the swirling condition, the desiliconization reaction is obviously promoted in the basin part, and the mass transfer coefficient is almost double that in the non-swirling condition.
